We examined the effects of growth factors and axonal signals on the differentiation of human fetal and adult oligodendrocyte progenitor cells (OPCs) and determined whether these effects translated into enhanced axonal ensheathment. Only small numbers of fetal OPCs grown in defined medium expressed the oligodendroglial lineage markers Olig2 and O4. The combination of platelet-derived growth factor-AA and basic fibroblast growth factor enhanced proliferation of Olig2-positive and O4-positive cells; a combination of brain-derived neurotrophic factor and insulin-like growth factor 1 promoted O4-positive cell differentiation, galactocerebroside expression, and morphological complexity. Coculturing with rodent dorsal root ganglion neurons in defined medium alone enhanced OPC differentiation and myelin basic protein expression. The addition of brain-derived neurotrophic factor/insulin-like growth factor 1 further enhanced differentiation, axonal attachment and ensheathment, and clustering of the contactin-associated protein Caspr and Na + channels. By contrast, most adult OPCs were O4 positive and Olig2 positive in defined medium; both brain-derived neurotrophic factor/insulin-like growth factor 1 and platelet-derived growth factor-AA/basic fibroblast growth factor promoted their myelin basic protein expression and membrane sheet formation; coculture with dorsal root ganglion neurons further increased myelin basic protein expression. Growth factors also enhanced attachment of adult OPCs to axons, but their capacity to ensheath axons was lower than that of fetal OPCs. These results demonstrate that fetal and adult OPCs show measurable responses to selected growth factors and axon signals that correlate with their capacity for axon ensheathment. The distinct properties of fetal and adult OPCs may be related to differences in their chronological age and initial differentiation states.
INTRODUCTION
Restoration of myelin integrity has been shown to improve neurological function in inherited and acquired myelin disorders in animals. In the cuprizone and ethidium bromide demyelination models, these toxins destroy myelin and oligodendrocytes (OGCs) (1, 2) ; spontaneous CNS remyelination in these models is dependent on proliferation and differentiation of endogenous oligodendrocyte progenitor cells (OPCs) (3) . In multiple sclerosis patients, OPCs are identified in white matter lesions (4), but remyelination is limited and declines with disease progression (5Y7). Multiple factors, including the intrinsic remyelination potential of OPCs, disease-related injury of OPCs, and the presence of inhibitory factors or absence of positive signals in the environment may contribute to limited remyelination (8) . An ongoing challenge is to identify means by which to augment CNS remyelination mediated by endogenous or exogenously supplied OPCs.
A recent transcriptional analysis by Sim et al (9) demonstrated that there are significant species (rodent vs human) and age (fetal vs adult human) differences in OPC gene expression and dominant signaling pathways. Thus, investigation of factors that affect human OPC proliferation, differentiation, and myelination are essential for understanding the characteristics and function of human OPCs.
In rodent cultures, several growth factors (GFs), including platelet-derived growth factor (PDGF-AA), basic fibroblast growth factor (bFGF), insulin-like growth factor 1 (IGF-1), and brain-derived neurotrophic factor (BDNF) promote proliferation or differentiation of OPCs derived from the CNS of neonatal animals (10Y13). Neurotrophins such as nerve growth factor (NGF) and neuregulin permit myelination to occur in rodent OPC and neuron cocultures (14, 15) , whereas PDGF-AA and bFGF seem to inhibit myelination (15) . A limited number of studies using dissociated cell cultures or neurospheres derived from embryonic human brain or spinal cord (11Y23 weeks of gestation) have shown the following: 1) IGF-1 increased galactocerebroside (GC) expression, consistent with enhanced differentiation (15) ; 2) PDGF-AA increased differentiation into O4-positive/GC-positive cells (16, 17) ; and 3) bFGF alone or in combination with PDGF-AA enhanced proliferation (18) . With respect to adult OGC lineage Copyright @ 2010 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited. cells derived from human white matter, bFGF promoted cell process extension (19) , and IGF-1 increased the O4-positive cell differentiation into GC-positive cells (20, 21) . Ganglioside A2B5 + cells isolated from adult human CNS survived poorly in dissociated cultures supplemented with serum or with bFGF and thyroid hormone T3 or PDGF/neurotrophin-3/bFGF (22) . Their responses to neurons in cocultures have not been previously reported. In transplantation studies, A2B5 + /polysialated neural cell adhesion molecule (PSA-NCAM)Ynegative cells isolated from fetal or adult human CNS tissue can myelinate CNS axons in the hypomyelinated shiverer mouse. The adult cells survived less well after transplantation, but an increased proportion of them produced myelin (23) .
The aims of this study were 1) to assess the growth and differentiation responses of fetal and adult human OPCs to selected GFs (PDGF-AA, bFGF, IGF-1, BDNF) and axonal signals provided by rodent dorsal root ganglion neurons (DRGNs) and 2) to determine whether these conditions promoted axonal ensheathment.
MATERIALS AND METHODS

Human Fetal OPC Cultures
Human fetal CNS tissue obtained from 15-to 18-gestational-week embryos was provided by the Human Fetal Tissue Repository (Albert Einstein College of Medicine, Bronx, NY). This developmental stage precedes spontaneous myelination. Both the Albert Einstein College of Medicine and McGill University institutional review boards approved these studies. We were unable to select cells from distinct anatomical regions for the fetal OPC studies. A2B5 + cells were isolated immunomagnetically, as previously described (22, 24) . In some experiments, the procedure also involved an initial step in which PSA-NCAMYpositive cells were depleted immunomagnetically. The purified cells were plated on a matrix of lysed human fetal astrocytes grown on poly-llysineYcoated plastic coverslips (astrocyte matrix) (Nunc, Rochester, NY). The rodent and human matrix components have been characterized (25, 26) . The cultures were grown in Dulbecco modified Eagle medium/F12 supplemented with N1 (Sigma, Oakville, Canada), 0.01% bovine serum albumin, 1% penicillin-streptomycin, B27 supplement (Invitrogen, Burlington, Canada). The GFs and their concentrations based on the literature are listed in Table 1 .
Human Adult OPC Cultures
Brain tissue was obtained from surgical resections performed as treatment of nonYtumor-related intractable epilepsy + cells were isolated as previously described (22) . The A2B5 + cell fraction was plated on the astrocyte-matrix and cultured with Dulbecco modified Eagle medium/F12/N1 medium containing the same components as for the fetal OPC cultures.
Rat DRGN: Human OPC Cocultures
Purified DRGN cultures were prepared from SpragueDawley rat embryos, as previously described (14) . The cultures were maintained with 12.5 ng/mL NGF in serum-free N1-supplemented medium. Human fetal or adult A2B5 + cells freshly isolated from the total brain fraction were added at a density of 0.7 Â 10 5 cells/cm 2 to DRGN cultures in Week 3 of culture.
Immunocytochemistry
For assessment of cell surface markers, cells were stained with primary antibodies (Abs) ( Table 2) for 30 minutes at 4-C then fixed with 4% paraformaldehyde for 10 minutes at 4-C, followed by blocking with HHG (1 mmol/L HEPES, 2% horse serum, 10% goat serum, Hanks balanced salt solution) for 10 minutes. Cultures were incubated with the appropriate secondary Abs (Table 2) for 30 minutes at 4-C. Antibody isotype controls showed low nonspecific staining (not shown). To assess proliferation, cells were treated with the thymidine analog 5-bromo-2-deoxyuridine ([BrdU] 10 Kmol/L) (Sigma) for 4 or 24 hours. For colabeling of lineage markers with BrdU, the cells were postfixed with 70% ethanol for 30 minutes and subsequently exposed to 2 mol/L HCl for 10 minutes to denature DNA and 0.1 mmol/L sodium borate buffer (pH 9) for 10 minutes to neutralize the acid. Incorporation of BrdU was detected by incubation with an IgG 1 monoclonal Ab for 45 minutes, followed by application of a goat anti-mouse IgG1-fluorescein isothiocyanate Ab for 45 minutes and counterstaining with Hoechst 33342. For the dissociated cell culture studies, slides were mounted using gel/mount (Biomeda Corporation, Foster City, CA), and stains were visualized using epifluorescent microscopy (Leica, Montreal, Canada) and OpenLab imaging software (OpenLab, Florence, Italy). For coculture studies, slides were visualized by confocal microscopy on a Zeiss LSM 510 (Zeiss, Oberkochen, Germany) using a 63Â oil objective and analyzed using LSM 510 Image browser software (Zeiss). The optical thickness was less than 1.0 Km for each channel.
Data Analysis
For dissociated cell culture studies, the proportion of cells expressing specific lineage markers or incorporating BrdU with an individual experiment was determined by counting 400 to 600 cells in each of 3 high-power fields (25Â) per coverslip. Data are presented as means of the number of individual experiments performed. Process elaboration of O4-positive cells was assessed based on the complexity of process formation and branching as follows: Grade 1, cells with round to bipolar morphology; Grade 2, cells with few and short processes; Grade 3, cells with ramified, longer, and multiple processes; and Grade 4, cells with membrane sheaths and/or lacy processes (Fig. 1) . For coculture studies, the number of individual experiments performed and the number of cells counted for different investigations are provided in the results section and/or corresponding figure legends. Results are presented either as mean T SEM or as fold or percent difference over control at the corresponding time point. Statistical significance was determined by 1-way analysis of variance, followed by either Dunnett or Bonferroni multiple comparison tests. Probability values G 0.05 were considered significant.
RESULTS
Fetal Brain-Derived Cell Cultures Dissociated Cell Cultures
A2B5-selected cells were initially plated for 4 days in defined medium (DFM) to ensure that the results of subsequent treatments could not be caused by effects on initial cell adhesion. After 4 days in culture (Day 0 of treatment), 80% T 6.2% of cells continued to express A2B5, and 38% T 3.5% of total cells were nestin positive. For myelin lineage cells, 9.3% T 0.5% expressed Olig2 (a basic helix-loop-helix transcription factor specific for the OGC lineage [32] ), 3.4% T 0.3% expressed O4 (a sulfatide found in immature OGCs and myelin sheaths), and 0.9% T 0.8% expressed the myelinspecific lipid GC (Table 3 ). Up to 10% of cells were glial fibrillary acidic protein (GFAP)Ypositive astrocytes; 50% were A-Tubulin III (ATubIII)Ypositive neurons (Table, Supplemental Digital Content 1, http://links.lww.com/NEN/A162). A small proportion of neurons expressed Olig2 (13% T 2.3%), whereas astrocytes did not.
In studies using PSA-NCAM/A2B5 double selection, we found that the PSA-NCAM fraction was enriched in neurons (985% ATub IIIYpositive cells), as expected (23) . However, the PSA-NCAM j /A2B5 + fraction was not enriched in the proportion of O4-positive (1%) and Olig2-positive (5%) cells versus the total A2B5 + cell fraction. For subsequent studies, we used the total A2B5 + cell population. After the initial 4 days in culture, media containing the different combinations of GFs were introduced, and cultures were examined 2, 6, or 10 days later for the expression of OGC lineage cell markers (Olig2, O4, GC, and myelin basic protein [MBP]), neural progenitors (nestin), neurons (ATubIII), or astrocytes (GFAP).
In DFM without GF supplementation (2Y10 days), the proportion of Olig2-positive, O4-positive, and GC-positive cells was either unchanged or slightly reduced with time in culture (Fig. 2AYC) . None of the cells expressed MBP. The number of dividing Olig2-positive and O4-positive cells did not increase over the time course with approximately 25% to 30% BrdU-positive cells (Fig. 2D, E) . With respect to morphological differentiation, the percentage of O4-positive cells that was assigned a grade of 4 was approximately 58% at Day 6 versus approximately 9% at Day 2 ( Fig. 1 ; Table 3 ). These results indicate that under basal conditions, the cells continue to proliferate and undergo morphological differentiation over time in culture. The addition of PDGF-AA/bFGF increased the proportion of Olig2-positive, O4-positive, and GC-positive cells over time in culture (Fig. 2AYC) . The proportion of O4-positive cells with a complex morphology (Grade 4) was approximately 68% compared with DFM (È58%) ( Table 3) Fig. 3 ; Table 3 ). The increase in proliferation rate of O4-positive cells was also observed using a short pulse of BrdU (4 hours (Fig. 2AYC) . By Day 10, the proportion of O4-positive cells expressing GC increased from approximately 20% in DFM to approximately 96% in BDNF/IGF-1 (Fig. 2) . Similarly, these conditions favored morphological differentiation of OPCs, increasing the number of Grade 4 cells from approximately 58% to 91% by Day 6 (Table 3) caused a significant increase in the proportion of Olig2-positive, O4-positive, and GC-positive cells versus DFM alone (Fig. 2) . The combined GFs also increased the proportion of dividing Olig2-positive cells and O4-positive cells versus DFM at Day 6, and the proliferation rate of Olig2-positive cells was also greater than with PDGF-AA/bFGF at Day 6 (Fig. 2) . In contrast, when compared with the effect of BDNF/IGF-1, there was a decrease in the proportion of GC-positive O4-positive cells (È25% vs È43%) (Fig. 2) and in the number of morphologically complex cells (67% T 8.2% vs 91% T 2.3% Grade 4) at Day 6 (Table 3) . Thus, the combination of PDGF-AA/bFGF/BDNF/IGF-1 had the most pronounced proliferative effect while inhibiting the differentiation effect observed with BDNF/IGF-1.
The + cells that acquired GC (È4%, p G 0.001) after 18 days of coculture with rat DRGNs in the presence of BDNF/IGF-1 was higher than that found in OGC cultures alone under the same culture conditions (~0.01%). In the presence of BDNF/IGF-1, the number of GCpositive cells that acquired MBP increased to approximately 36% (p G 0.01, n = 3) (Fig. 5D ). Furthermore, MBP was relatively evenly distributed in the OGC cell body and processes (Fig. 5A) , whereas in the dissociated culture alone, it had a granulated appearance (Fig. 4, upper panel) . The effects observed in cocultures were not caused by NGF (which is required to maintain the DRGNs) because NGF alone or in combination with either PDGF-AA/bFGF or BDNF/IGF-1 had no effect on MBP expression by cells in dissociated A2B5 + cell cultures (data not shown).
Under 
Adult Brain-Derived Cell Cultures Dissociated Cell Cultures
Adult A2B5-selected cells (90%) coexpressed O4 and Olig2 when grown in DFM alone (Fig. 7A, upper panel) , and they continued to express these markers in the presence of all combinations of GFs (Fig. 8) . All GF combinations increased the number of MBP-positive cells (BDNF/IGF-1, È42%; PDGF-AA/bFGF, È62%; PDGF-AA/bFGF/BDNF/IGF-1, È65%) versus DFM alone (È32%) (Fig. 7, bottom panels;  Fig. 8 ). Only 2% to 5% of O4-positive cells in DFM alone had membrane sheets or long cellular processes, whereas all GF combinations increased this parameter to more than 15% (Figs. 7 and 8) . Interestingly, the GF conditions also enhanced the formation of growth cones and filopodia and lamellipodia, as detected by O4 staining (Fig. 7B, upper panel) .
Coculture With Rodent DRGNs
Human adult A2B5 cells cocultured with rat DRGNs for 4 weeks are illustrated in Fig. 9 . Under basal conditions (DFM + NGF), the A2B5-selected cells became MBP positive. The MBP immunostaining seemed to be more evenly distributed than in the cells in dissociated cultures (Figs. 4, 7 (Fig. 9D) .
The percent of cells making axonal contact was calculated by determining the number of myelin markerpositive (O4, GC and MBP) cells that had processes that colocalized with neurofilament immunoreactivity (as for fetal cells in Figure, Supplemental Digital Content 4, http://links.lww.com/NEN/A165). O4 and GC immunostaining extended over longer axonal segments as compared with MBP immunostaining (Fig. 9AYC ). Such differences were not observed in the fetal OPC cocultures (Fig. 5) .
DISCUSSION
We analyzed the responses to GFs that are known to enhance proliferation or differentiation of rodent OPCs and to axonal signals of human fetal and adult OPCs, either alone or in coculture with rodent DRGNs. Using the coculture system, we demonstrated that fetal and adult OPCs show measurable responses to selected GFs and axon signals that correlate with their capacity to ensheath axons. The effects of GFs and axon signals on the OPCs are summarized in Figure 10 ; the distinct properties of fetal and adult OPCs may be related to the differences in their chronological age and initial state of cell differentiation.
Cells from fetal and adult brains were selected with the monoclonal Ab, A2B5, which recognizes surface gangliosides on several cell types (33, 34) , including rodent and human OPCs (21) . The initial fetal A2B5-selected population contained only a small proportion of Olig2-positive and O4-positive cells, whereas a large proportion of the cells were nestin positive. The presence of ATubIII-positive neurons also reduced the relative proportion of OGC lineage cells; the neurons/neuroblasts might be a source of GFs and/or neurotransmitters that contribute to the growth or survival of the OPCs. In contrast, most of their A2B5 + adult cells were Olig2 positive and O4 positive, suggesting commitment to the OGC lineage, in agreement with previous reports (22, 23) .
The basal conditions we used support the growth of and myelination of rodent OPCs (27) . In addition, our cultures were grown on a matrix derived from human fetal astrocytes to allow extension of longer processes than when they are grown on polylysine (not shown) (24) . The combination of PDGF-AA and bFGF increased the division of fetal early Olig2-positive OPCs and of O4-positive cells that are committed to the OGC. Recent studies have shown that human fetal OPCs divide (32, 35) , and that they express receptors for PDGF-AA and bFGF and Olig2 (32, 36) . Proliferating O4-positive cells were reported in rat cultures (28, 30) , as well as in human fetal spinal cord in vivo (37) . Our data with shortterm (4 hour) and long-term (24 hours) BrdU labeling pulses and with Ki67 immunostaining show that human fetal O4-positive cells are capable of proliferation; the dividing O4-positive cells were morphologically less differentiated.
Differentiation of human fetal OPCs to O4-positive preOGCs and maturing GC-positive OGCs was induced most effectively by IGF-1/BDNF. IGF-1 is a potent pleiotropic factor for rodent OGCs, supporting proliferation, lineage progression, survival, and differentiation in in vitro and in vivo models of remyelination and ischemia (31, 38, 39) . IGF-1 has previously been shown to stimulate the differentiation of human fetal brain and spinal cord OGCs (18, 40) . BDNF increases the differentiation of rat OPCs in vitro (13) , and infection of human fetal midbrain-derived neural precursor cells with an FIGURE 6. Confocal microscopy images of human fetal oligodendrocyte progenitor cells (OPCs) cultured with rat dorsal root ganglion neurons (DRGNs). A2B5 + cells were seeded on established rat DRGNs in defined medium with brain-derived neurotrophic factor (BDNF)/insulin-like growth factor 1 (IGF-1)/nerve growth factor (NGF) for 4 weeks before they were fixed and stained for galactocerebroside (GC, green), contactin-associated protein (Casp, red), or Na + channel (Na + Ch, blue). Axonal contact with oligodendrocyte processes led to clustering of Casp along the axonal surface. Casp accumulation is not seen in axons that lack ensheathment. Arrows indicate Na + channelYpositive clusters at the ends of an ensheathed axonal segment. Scale bars = 10 Km. adenovirus expressing BDNF promoted OGC differentiation (41) . Here, the effects of BDNF/IGF-1 on differentiation were at least partially inhibited by the simultaneous addition of the mitotic factors PDGF-AA and bFGF. This may suggest either that PDGF-AA/bFGF signaling overrides effects mediated by BDNF/IGF-1 or that BDNF/IGF-1 potentiates proliferation when a stronger mitotic signal (i.e. PDGF-AA/bFGF) is also present.
Our results with adult brain OPCs indicate that all of the GFs significantly enhanced MBP expression, although this was more pronounced with PDGF-AA/bFGF than with BDNF/IGF-1. In addition, all of the GFs modulated their morphological differentiation, including process extension and formation of membrane sheets, growth cones, filopodia, and lamellipodia. The differences between fetal and adult human OPCs in their differentiation responses to GFs could be ascribed to the expression level, type, ligand affinity, or signaling pathways coupling the GF receptors. Indeed, microarray screens have demonstrated significant age (fetal vs adult human)-related differences in expression of genes that regulate the relevant signaling pathways in OPCs (9, 42) . Most notably, our results show that although the combination of PDGF-AA/ bFGF is mitogenic for fetal OPCs, it stimulates differentiation of adult OPCs. In vitro approaches for mimicking myelination have been established with rodent-derived progenitors but not with those isolated from the human brain. Both OPCs and Schwann cells from rodents can myelinate DRGN axons under defined conditions (14, 43) , which include the presence of NGF but without additional GFs. We are the first to establish an in vitro coculture system in which human OGCs ensheath axons. We show that human fetal OPCs can attach to and ensheath rodent DRGN axons but only in the presence of BDNF/IGF-1. Initiation of myelination in vitro occurs in 4 weeks, in comparison with xenogenic transplant studies performed in the absence of GF supplements that required 12 weeks for myelination to take place (23) . The still limited extent of ensheathment did not allow us to perform ultrastructural studies to determine whether compact myelin had been formed. However, we did observe the distribution and clustering of Caspr along the GCpositive ensheathed axons that would be expected when axon and OGC membrane contacts take place (44, 45) . In addition, clustering of Na + channels was apparent in regions not stained with Caspr, suggesting the formation of nodes of Ranvier (46Y48). These findings suggest that the myelination process was progressing but was not yet complete.
The human adult OPCs formed axonal contacts with DRGN in the presence of PDGF-AA/bFGF/NGF or BDNF/ IGF-1/NGF, but not in their absence. However, the extent of ensheathment was more limited than for their fetal counterparts. In addition, the ensheathment of axons by adult OPC was more readily observed based on expression of sulfatides and GC than of MBP, which is expressed by more differentiated OGCs. In line with these observations, Back et al (49) used human brain tissue sections from different embryonic stages (18Y40 weeks of gestation) to show that O4-positive and O1-positive cells form premyelin sheaths around axons before MBP incorporation, which leads to the formation of compact myelin. Taken together, these results suggest that the fetal OPCs have greater myelination potential than the adult cells.
Interestingly, MBP expression and distribution were regulated in both fetal-and adult-derived cells when cultured with DRGN for 4 weeks, even in the absence of GFs other than NGF. The expression of MBP was upregulated and appeared evenly distributed in both the soma and cellular processes in the cocultures, whereas MBP distribution appeared to be granulated in dissociated cultures. The MBP is known to be translated locally in cell processes and in the myelin compartment as the mRNA is exported from the nucleus to OGC processes in RNA granules (50) . The mechanism through which neurons/axons regulate MBP expression and distribution in OGCs needs further investigation, but in situ studies suggest that the signals for differentiation and myelination may be distinct, and that these cellular events may be uncoupled (51) . Axonal recognition and myelination by OGCs are also separable processes, as shown in a study using Olig1-knockout mice (52).
In conclusion, our in vitro approaches provide a means for defining mechanisms that either inhibit or promote activation of the myelination program by human OPCs and for determining ways for enhancing myelination in humans.
